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Electronic structure of acetylene on Si„111…-737: X-ray photoelectron
and x-ray absorption spectroscopy
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The electronic structure of acetylene adsorbed at room temperature on Si(111)-737, its thermal stability,
and its reactivity in the presence of a silicon flux have been studied by synchrotron radiation x-ray photoemis-
sion of valence bands and core-levels~C 1s, Si 2p! and x-ray absorption spectroscopy~C K edge!. We observe
that the electronic occupancy of both adatoms and restatoms is modified by the adsorption process. The
alignment of the C-C molecular axis by the chemisorption bond leads to a strong polarization dependence of
the CK-edge spectra. The orientation of the C-C molecular axis is then determined to be nearly parallel to the
surface plane and the bonding of di-s type. Annealing sequences of an acetylene-saturated surface~up to a
maximum temperature of 955 K! induce strong changes in the electronic structure of both molecule and
substrate. There are hints of molecule/molecule reactions involving the in-planep bond. We observe also the
penetration of atomic carbon into the surface silicon layers, which in turn induces changes in the electronic
structure of the silicon surface atoms. In the case of an exposure of an acetylene predosed surface to a silicon
flux at 300 K, the molecule floats over the growing silicon layer, maintaining a di-s bonding, as the in-plane
p bond does not interact with incoming silicons.@S0163-1829~98!01311-3#
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I. INTRODUCTION

Since about a decade the adsorption of acetylene on
con surfaces @Si(111)-737,1,2 Si(111)-231,3 and
Si(001)-231 ~Refs. 4–6!# has received a continuous atte
tion. Indeed this simple unsaturated hydrocarbon molecu
a promising carbon source for the homoepitaxial growth
3C-SiC on 3C-SiC~001!,7 or its heteroepitaxial growth on
vicinal Si~001! surface8 at temperatures below 1000 °C. B
the interest is also of scientific order: the bonding ofp-
bonded hydrocarbon molecules on a reconstructed semi
ductor surface isa priori different from its bonding on meta
surfaces, on which their adsorption has been studied in g
detail,9 essentially because covalent surfaces undergo a
siderable reconstruction, so that adsorption of molecules
alter to a great extent. Hence the determination of adsorp
geometry on semiconductor surfaces may be not easy.

To our knowledge the adsorbed C2H2/Si(111)-737 sys-
tem ~at 300 K! was the matter of only two experiment
works, based on high-resolution electron energy loss sp
troscopy ~HREELS! and scanning tunneling microscop
~STM!. The HREELS experiment of Yoshinobuet al.1

pointed to the absence of characteristic Si-H vibration mo
570163-1829/98/57~11!/6738~11!/$15.00
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and thus to a nondissociative adsorption process. The vi
tional mode seen at 1150 cm21 was attributed to C-C stretch
ing. Because the C-C single bond stretching mode has a t
cal value of 1100 cm21 for the free ethane molecule
Yoshinobu and co-workers considered that the acetyl
triple bond was rehybridized after adsorption to a state
tweensp3 and sp2 ~di-s bonding!. The same group4 found
also a vibrational mode at 1090 cm21, after adsorption of
acetylene on Si(001)-231, and interpreted the data as
Ref. 1, although the adsorption sites area priori very dis-
similar on each surface. Indeed there is no consensus fo
interpretation of HREELS data. More recently Huanget al.,5

studying the adsorption of acetylene on Si(001)-231, chal-
lenged the interpretation made by Yoshinobu and
workers. They attributed an energy-loss peak
1450 cm21—which remained until now unobserved—to th
C-C stretching mode, that would be the signature of a car
rehybridization to asp2 state. The controversy has no
ceased yet: Chenet al.,6 studying the C2H2/Si(001)-231
system, attribute, as Yoshinobu and co-workers,
1090 cm21 mode to the C-C stretching mode.

The STM work carried out by Yoshinobuet al.2 on the
6738 © 1998 The American Physical Society
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57 6739ELECTRONIC STRUCTURE OF ACETYLENE ON . . .
adsorption of acetylene on Si(111)-737 has shown that the
electronic occupancy of the adatoms~for a schematic picture
of the ‘‘dimer-adatom-stacking~DAS! fault’’ model10 see
Fig. 1! varies upon C2H2 adsorption. It is also shown that th
reactivity of adatoms in the faulted subunit is larger than t
of those in the unfaulted one. Restatoms are not visible in
topographic images and their occupation is not probed
scanning tunneling spectroscopy. Yoshinobu and co-work
proposed again that C2H2 is di-s bonded: the molecule
would bridge two neighboring atoms bearing dangli
bonds, i.e., a corner adatom and a restatom or a center
tom and a restatom, whose direct distances are 4.57 and
Å, respectively. Such a model~denoted now Yoshinobu’s
model! leads to a saturation coverage of 1 molecule/resta
~that is, 0.245 ML of carbon!; only half the adatoms are
involved in the bonding. We note that such a bridge site
already been proposed by Piancastelliet al.11 in their STM
study of the adsorption of ethylene on Si.

It is clear that the envisaged biradical sites for acetyle
adsorption on the Si(111)-737 surface, present a Si-Si dis
tance much larger than the corresponding ones
Si~001!231. On the latter surface the molecule can brid
either two dimerized Si~Si-Si distance around 2.5 Å! or a
cleaved Si dimer~Si-Si distance around 3.8 Å!. Theoretical
works12,13 favor the adsorption, onuncleavedSi-Si dimers,
of a molecule distorted to an ethylenelikesp2 configuration
~C-C distances in the range of 1.33–1.36 Å!. In view of the
much larger bridging distance on Si(111)-737 with respect
to that of Si(001)-231, one could expect either the C-
elongation to be greater on~111! than on~001!, or a strong
modification of the 737 reconstruction to occur upon ad
sorption~e.g., a displacement of adatoms!. A semiempirical
quantum chemical study14 of acetylene reaction with the
‘‘ideal’’ Si(111)-131 surface suggests that sizeable re
rangement of the surface occurs, as Si-Si bonds are w
ened or even broken, due to the strain induced by Si-C b
formation.

Consequently many unsolved questions remain about

FIG. 1. ~a! Top view and~b! side view of the DAS model of the
Si(111)-737 surface. Each unit cell contains 12 adatoms, 6 re
toms, and one corner hole. Each adatom is bonded to three ped
atoms. The deeper atoms are indicated as solid dots. The lef
angle subunit shows a stacking fault (F). The right triangle is un-
faulted (U). A molecule bridging a restatom and an adatom is a
drawn ~Yoshinobu’s model!.
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structural determination of acetylene on Si(111)-737,
which has been investigated until now essentially by vib
tional spectroscopy. The present work, based on a stud
the electronic structure of the adsorbateand substrate sys-
tem, is therefore an original contribution to the issue. Inde
we have monitored the changes in the electronic struc
induced by the adsorption process combining synchrot
radiation x-ray photoemission spectroscopy~SRXPS! of va-
lence bands and of core levels~C 1s and Si 2p! and x-ray
absorption spectroscopy~XAS! at the C K edge—also
termed near-edge x-ray absorption fine-structure~NEXAFS!
spectroscopy. On the one hand, SRXPS, performed in c
ditions of high surface sensitivity, is a powerful technique
follow the evolution of the surface silicon states and t
bond formation15 between Si and the C adsorbates. On
other hand, Sto¨hr, in his recent comprehensive book o
NEXAFS,16 has illustrated the ability of the technique
detect the presence of specific bonds in the molecules~e.g.,
C-C, C5C, C[C, and C-H bonds! and to derive the molecu
lar orientation.

The goal of this study was to determine the electro
structure of the molecule adsorbed at room temperature
thermal stability and its reactivity in the presence of a silic
flux. We have evidenced that the occupancy of both adato
and restatoms electronic levels is modified by the adsorp
process. The bonding of the molecule to the surface is
di-s type, with the C-C axis lying nearly parallel to the su
face. We also discuss the consequences of a possiblesp3

hybridization of the carbon atoms, proposed by Yoshino
and co-workers.1 The heating of an acetylene-saturated s
face between 300 and 955 K, leads to strong changes in
electronic structure of both molecule and substrate. We
hints for unexpected molecule/molecule reactions~polymer-
ization, graphitization, etc.!, related to the peculiar role
played by thep orbital contained in the sample surfac
plane. We evidence also the penetration of C into the surf
silicon layers, which in turn induces the formation of ne
silicon surface states. In the case of an exposure of an ac
lene predosed surface to a silicon flux at 300 K, we obse
that the in-plane ‘‘p’’ orbital does not open to bond with
incoming Si atoms: the molecule floats over the growi
silicon layer maintaining a di-s bonding.

II. EXPERIMENT

A. Clean surface preparation and exposure to acetylene

The Si samples are prepared in the ultrahigh-vacu
~UHV! analyzing chamber whose base pressure
;10210 Torr. The sample~a phosphorus-doped silicon wa
fer, of resistivity 0.002–0.005V cm! is heated by the Joule
effect: then temperature measurements are made by infr
pyrometry. The silicon wafer is cleaned of its silica prote
tive layer by heating at;1520 K, in order to minimize SiC
contamination.17 The surface cleanliness is checked by t
intensity of the Si 2p core-level surface state, by a survey
the C 1s region, and by the sharpness of the low-ener
electron diffraction~LEED! patterns.

Then the silicon surface is exposed to acetylene in
analysis chamber itself, under pressures in the ra
1026– 2.531026 Torr. We use 99%-enriched C2D2 gas pur-
chased from Eurisotop-CEA without further purificatio
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6740 57ROCHET, DUFOUR, PRIETO, SIROTTI, AND STEDILE
While the gas is introduced through a leak valve, the c
opump is isolated, and the chamber is evacuated by a tu
molecular pump. Acetylene pressures (Pacetylene) are mea-
sured with an ionization gauge the reading of which w
corrected by a sensitivity factor of 2~the sensitivity factor is
1 for N2!. Exposures to the gas are given in Langmuir~L!
units: 1 L corresponds to an exposure of 1026 Torr s.

The in-situ exposure of the sample surface to a silic
flux was realized using an OMICRON EFM3 evaporator
ted with an integrated flux monitor, which allows a preci
evaporation rate adjustment and control. The calibration
the cell has been made in a separate UHV chamber, by d
sition of various Si amounts on a carbon substrate and t
subsequent measurement by Rutherford backscattering s
trometry ~RBS!. The flux rate is 3.831014 Si atoms/
cm2/mn, with an absolute precision of620%, essentially
due to the uncertainties in the measurement of the dista
between the Si evaporant and target in both UHV chamb
Deposited Si amounts are given in ML units: 1 ML corr
sponds to 7.831014 atoms/cm2.

B. X-ray photoemission

Photoelectron energy distribution curves are measured
valence bands VB’s Si 2p and C 1s core levels with mono-
chromatic synchrotron radiation and a partially ang
integrating electrostatic electron energy analyzer~RIBER
MAC2!. The linear polarization of the synchrotron radiatio
E is at 40° with respect to the axis of the cylindrical electr
analyzer, defining an horizontal scattering plane. The sam
surface is put in the common focus of the light beam and
the analyzer entrance lens and can be oriented about the
tical axis through the photoemission spot. The sample
face normal is always parallel to the analyzer axis and
light polarization vector is contained in the~11̄0! plane of the
Si~111! surface. The light source is the linear undula
DOMINO of beam line SU7 of the SuperACO storage rin
The undulator radiation is monochromatized by a 10-m t
oidal grating monochromator covering the 130–800 eV p
ton range. Photons of energy 145 eV are used to excite th
2p core level of binding energy~BE! around 99 eV, in con-
ditions of maximum surface sensitivity@for photoelectrons of
kinetic energy around;45 eV an escape depth of about 3
Å is estimated18#. The C 1s spectra~BE around 284 eV! are
recorded athn5330 eV, so that the kinetic energy of the
1s photoelectrons equals that of the Si 2p photoelectrons.
Valence bands are also measured at 145 eV.

In order to improve the resolution of the various comp
nents that contribute to the Si 2p spectra, the procedur
given in Ref. 15 is followed. The background is first su
tracted. Then the lowj component of the Si 2p1/2,3/2doublet
is removed, mathematically~assuming identical shapes fo
the two components!, with a branching ratio 2p1/2:2p3/2 of
0.5 ~the statistical ratio! and a spin-orbit splitting of 0.6 eV
In order to fit the Si 2p3/2 spectra, each chemical state
represented by a Gaussian convoluted by a Lorentzian o
eV full width at half-maximum~FWHM!. @The broader C 1s
spectra are simply fitted by sums of pure Gaussian com
nents.# In the least-square fitting routine, we fix the Gauss
FWHM for each chemical state and in most cases BE p
tions are free parameters.
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The zero binding energy is taken at the leading edge
the Si(111)-737 adatom surface states~the surface is
metallic19!. The bulk silicon Si 2p3/2 line is then found at
99.4060.05 eV and the adsorbed molecule C 1s line at
284.060.1 eV.

C. X-ray absorption spectroscopy

C K-edge measurements are taken at different angles
tween the normal to the sample surface and the polariza
vector of the radiation, in the range fromu590° ~normal
incidence! to u510° ~grazing incidence!. The absorption
was determined by collecting the total electron yield fro
the sample as a function of the photon energy. The detec
consists of collecting electrons from the sample on an e
tron multiplier ~dynode!. The x-ray beam after the mono
chromator goes through a metal grid, which can serve
reference monitor. However because of C containing ad
bates on the grid, having their own XAS spectra in the ran
of interest, we follow a normalization procedure already p
posed by Sto¨hr.20 We divide the spectrum of surfaceplus
adsorbate by the spectrum of the clean surface alone. Ind
the absorption features of the grid are useful energy re
ences to check any shift from one measurement to anot
The absolute energy precision is estimated to60.2 eV.

III. RESULTS AND DISCUSSION

A. Adsorption at 300 K: Electronic structure
and orientational order

We begin this section by examining how the surfa
states of the Si 2p core-level and valence-band~VB! lines
‘‘feel’’ the adsorption of the acetylene molecule at roo
temperature~Fig. 2!. As the exposure increases one se
@Fig. 2~a!# that the intensity of the Si 2p line, attributed to
the restatoms.21 ~RA’s! and situated at20.75 eV from the
bulk silicon one, gradually decreases with increasing ex
sure. We do not observed any shift of the bulk silicon li
larger than 0.05 eV upon acetylene adsorption. From an
posure of;3000 L all the restatoms are quenched. Para
to changes in the Si 2p spectra, the two surface states of t
VB @Fig. 2~b!#, attributed,19 respectively, to the RA, a
;0.8 eV, and to the adatoms~AD’s!, at the Fermi level,
disappear in a concerted manner.22 This means that both re
statoms and adatoms participate to the bonding with the m
ecule. STM~Ref. 2! has already evidenced that the electron
structure of the adatoms is modified after acetylene ads
tion. The LEED patterns~not shown! indicate that adatom
positions are also changed by the chemisorption process
deed after saturation of the surface, nonintegral spots di
pear, except the six nearest spots around an integral
@with coordinates (p1k,q1 l ) wherep,q are integral num-
bers andk50,61/7 and l 50,61/7#, which remain strong,
and those spots distributed on the lines joining the 131
spots. This can be interpreted—as for the chemisorption
atomic H~Ref. 23!—in terms of a rearrangement of the ad
toms on each triangular subunit of the DAS cell, leavi
unaffected the corner holes and dimer walls in order to ma
tain the 73 periodicity. However, the role of the restatom
which escaped to the previous STM measurement, is h
clearly evidenced by photoemission. A new Si 2p3/2 struc-
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57 6741ELECTRONIC STRUCTURE OF ACETYLENE ON . . .
ture, weak but measurable, grows at a binding energy hig
than that of bulk Si, by;10.85 eV. This line is attributed to
the formation of a bond between a Si radical and the m
ecule.

A typical XPS C 1s spectrum obtained after an exposu
of 4500 L at 300 K is presented in Fig. 3. The ‘‘clean
surface background—which contains a small contribut
from SiC particles remaining even after repeated ther
cleanings at 1520 K—is subtracted to the moleculeplussur-
face spectrum. The resulting curve is fitted by only o
Gaussian peak of FWHM;1.44 eV centered at 284 eV
This suggests the existence of only one kind of chem
bonding for the carbon atoms, and thus of only one bond
site. Taking a work functionf of 4.55 eV~the clean surface
value, see Ref. 15 and references therein! the ionization po-
tential IP of the adsorbed molecule is;288.6 eV,;2.5 eV
smaller than the IP’s of free acetylene~291.1 eV!, free eth-
ylene~290.8 eV! or free ethane~290.7 eV!.24 The decrease in
IP, passing from the free molecule to the adsorbed molec
is indeed accounted for by a bonding shift~due to a net
charge transfer between substrate and molecule25! and a re-
laxation shift.

The XAS CK-edge spectra of a surface exposed to 29
L at 300 K is shown in Fig. 4. The dipole selection rul
imply that the molecular orbital~MO! final state has ap
orbital component. The resonance intensity associated w
specific MO final state is largest if theE vector points in the

FIG. 2. ~a! Si 2p2/3 core level and~b! valence-band spectra
measured athn5145 eV, of a Si(111)-737 surface exposed to
increasing doses of acetylene at 300 K (Pacetylene51026 Torr).
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FIG. 3. ~a! C 1s core-level spectra (hn5330 eV) of the sub-
strate before exposure to acetylene~dashed line! and after exposure
to 4500 L of acetylene (Pacetylene52.531026 Torr) at 300 K.~b!
The acetylene C 1s spectra~dots! obtained after subtraction of th
substrate ‘‘SiC’’ contribution and fit~solid line! by a Gaussian of
FWHM equal to 1.44 eV.

FIG. 4. ~a! C K-edge absorption spectra of a surface exposed
2980 L (Pacetylene51026 Torr) of acetylene at 300 K, measured
u590° ~E parallel to the surface plane! andu510° ~E close to the
normal to the surface plane!. The curves are normalized to an equ
‘‘jump’’ before the absorption edge~275 eV! and;80 eV after.~b!
The near-edge region foru590° and 10°~the position of XPS C 1s
is indicated!. In inset we plot the intensity of peakX1 as a function
of sin2 u ~additional data taken at angles between 10° and 90°
given!.
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FIG. 5. Schematic orbital energy level correlation diagram of a di-s bonded acetylene. For the linear molecule eachp/p* level is doubly
degenerate. However, for a distorted acetylene~for simplicity ethylenelikewith C2v symmetry! the degeneracy is lifted. In-planep i andp i*
are not much affected by the distortion and do not interact with Si orbitals. On the other hand, the bonding and antibonding ‘‘p'’’ orbitals
interact with Sipz orbitals~forming a surface band!. The occupiedp' orbital hybridizes with Sipz : the antibonding level (p'-Si pz)* is
pushed up in energy aboveEF and the electrons are dropped to the substrate~‘‘donation’’ !. Thep'

* orbital decreases in energy to a positio
where it can hybridize strongly with Sipz orbitals. The resulting bonding level (p'

* -Si pz) can be filled by electrons coming from th
substrate~‘‘backdonation’’!, while the antibonding one (p'

* -Si pz)* passes overEF . PeakX1 and peakX2 are attributed to 1s→p i* and
1s→(p'

* -Si pz)* transitions, respectively@the antibonding level (p'-Si pz)* having mainly Sipz character#.
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direction of that MO, and the intensity vanishes ifE is per-
pendicular to the direction of that orbital.26

Let us first examine the peaks that appear below IP,
the bound states. At normal x-ray incidence~u590°, E par-
allel to the surface!, the C2D2 dosed surface exhibits a stron
p* resonance at 283.9 eV~peakX1!. At grazing incidence
~u510°, E close to the normal to the sample surface! one
observes distinctively anotherp* resonance at 284.9 eV
~peakX2! while the peakX1 intensity weakens. The angula
dependence of the twop* resonances is explained as fo
lows. If the molecule lies down on the surface, onep orbital
of acetylene~‘‘ p i’’ !, parallel to the surface, interacts weak
with the substrate, while the other one~‘‘ p'’’ ! is perpen-
dicular to the surface and hence can rehybridize with Si ra
cals. A schematic orbital energy level correlation diagra
inspired by Hoffmann’s approach27 to the problem of mo-
lecular bonding on a surface, is given in Fig. 5. PeakX1 will
correspond to a 1s→p i* transition and X2 to a
1s→(p'

* -Si pz)* , where (p'
* -Si pz)* is the antibonding

level resulting from the mixing of Sipz orbitals~in the cho-
sen coordinate system,x andy define the surface plane, an
z is normal to it! with the p'

* orbital. We attribute peakY
situated at;287 eV to a C-H* resonance, in analogy with
the CK-edge spectra of ethane, ethylene, and acetylene
sorbed on noble metals compiled by Sto¨hr.28

These are the major trends. However, a careful exam
tion of Fig. 4 shows that, at normal incidence (u590°), the
intensity of structureX2 , is not strictly zero. This is no
surprising, if one considers that the Cp-like part of
(p'

* -Si pz)* is certainly not exactly perpendicular to th
C-C axis@see the antibondingb1 orbital of C2H4 di-s bonded
to Pt~111!#.29 That is why a residualX2 intensity atu590° is
not a definite proof a slight tilting of the C-C axis with re
.,

i-
,

d-

a-

spect to the surface plane, and hence of a molecule brid
a restatom and an adatom.@Adatoms are about 1 Å upward
with respect to restatoms:30 the C-C molecular axis would
then be tilted by;13° with respect to the surface plane,
the Si/C-C Si structure has equal SiCC angles and equal
bond lengths.# In the inset of Fig. 4, we report the plot o
peak X1 intensity—obtained after subtraction of a step
EF , taken at 284 eV, the position of the C 1s BE peak—as
a function of sin2 u. It should be a straight line passin
through zero if thep i* orbital was strictly oriented parallel to
the surface.31 The discrepancy~at grazing incidence! may
come in part from uncertainties in measuring the intensity
relation with Fermi-level step positioning and subtractio
but it may also arise from the distortion of the molecule th
would adopt a symmetry still lower than that of ‘‘ethylenic
distorted molecule, where the C hybridization would then
close tosp3 as suggested by HREELS data.1

Broad structures are also observed above IP. A promin
one, denotedZ in Fig. 4, is found around 291 eV. Its inten
sity strongly decreases foru510°, that is whenE is nearly
perpendicular to the CC axis of molecules lying down on
surface. This suggests that peakZ is related to transitions o
1s electrons intos* orbitals. We shall not make any attem
to deduce a carbon-carbon distance from the energy pos
of peakZ using the empirical method termed ‘‘bond lengt
with a ruler.’’ 32 for the following reasons. As indicated b
Piancastelliet al.,33 in the K-shell absorption spectra of th
dicarbons, the attribution of structures above IP is far fro
being unambiguous, as multielectron transitions as wel
s* shape resonances can be observed; moreover, the c
lation between the energy position of as* resonance and the
bond length,taken as a single variable, is also open to
criticism.33,34



e

m

7,

s,

in-
e
se-
e
K

r

m-

e
tral
an
d
-

ergy
and

of
an-
on

nt
-

ed
an-

57 6743ELECTRONIC STRUCTURE OF ACETYLENE ON . . .
B. Thermal behavior of chemisorbed acetylene

The thermal stability of acetylene on Si(111)-737 is
studied by performing successive isochronal~1 mn! anneal-
ing of a surface previously exposed to 3600 L of acetylen
room temperature. The XPS core-level spectra~Si 2p and C
1s! and XAS CK-edge spectra are recorded at room te
perature after each annealing step.

The Si 2p3/2 and C 1s spectra are given in Figs. 6 and
respectively. The Si 2p3/2 spectrum of the clean surface~Fig.

FIG. 6. Experimental Si 2p3/2 core level ~dots! of a surface
previously exposed to 3600 L of acetylene at 300 K (Pacetylene

51026 Torr) and submitted to isochronal annealings~of 1 mn
each!. The corresponding fits~solid curves! are also given. The
Gaussian FWHM is 0.48 eV for componentsB,RA,A1 ,A2 ,S1,S2,
0.79 eV for C1, and 1.0 eV for C2 ~the Lorentzian FWHM is 0.1 eV
for all components!.
at

-

6! is fitted by a bulk line (B) and by three other component
attributed to surface or near surface atoms:35 the RA line at
20.78 eV, and two lines,A1 andA2 situated at10.33 and
10.9 eV fromB, respectively.A1 is a mere help for curve
fitting, as it contains various unresolved contributions,
cluded that of the adatoms;A2 has not received yet a definit
attribution.21,35 As discussed before the essential con
quence of C2D2 adsorption at room temperature is th
quenching of the RA line. Upon annealing in the 675–850
temperature range, component C1 grows at 10.90
60.04 eV from B, while an A1 line centered at 0.36
60.03 eV fromB is still necessary to obtain a good fit. Afte
the 850 K annealing step, a weak broad line C2, at11.95 eV
from B must also be added. At 755 K and above two co
ponents, S1 and S2 ~at 20.3 and20.75 eV fromB, respec-
tively! have to be introduced to fit the low BE side of th
bulk line. At 955 K, a drastic change occurs in the spec
weight as the Si 2p3/2 spectrum ressembles that of a cle
surface: in particular, the C1 component is strongly reduce
~C2 is even eliminated! and S2 increases. The relative spec
tral weights of components C1, S1, S2 as a function of tem-
perature are reported in Fig. 8~a!. The S2 line very likely
corresponds to the restatom line, because its binding en
is the same as that of the RA line of the clean surface,
because its weight after the 955 K annealing step is 7.5%
the total spectral weight, close to 6–7 % measured for cle
surface RA. Consequently, RA dangling bonds reappear
the surface from temperatures around 750 K.

However, it is more difficult to give a definite assignme
to the other lines C1, C2, and S1. Studying the thermal sta
bility of adamantane on Si(111)-737 at 525 K, Simons

FIG. 7. C 1s core-level spectra of a surface previously expos
to 3600 L of acetylene at 300 K and submitted to isochronal
nealings~of 1 mn each!. The FWHM of each fitting component is
given between brackets.
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et al.36 have fitted their Si 2p spectra with three componen
at 10.48 eV, 10.98 and11.48 eV from the bulk line, at-
tributed to a Si atom having an increasing number of m
electronegative C ligands37 around it ~from one to three!.
However, the interpretation of the chemical shifts of silic
with carbon seems to be more complicated that this sim
picture might suggest. Indeed upon molecular chemisorp
at room temperature, where a single bond is formed betw
one Si dangling bond and one carbon atom, the chem
shift is ;10.9 eV. It has also been shown recently38 that the
Si 2p shift between bulk silicon and thermally grown 3C
SiC—in this zinc-blende structure each Si atom has fou
ligands—is a function of the carbide overlayer thickness.
ultrathin carbide films of about 40 Å, for which band ben
ing effects and/or charge effects are minimized, the carb
is shifted by ;10.9 eV from the substrate line. Cons
quently, we doubt that the additivity of the chemical shi
~0.48 eV per C ligand! proposed by Simonset al. is a valid
hypothesis, as the energy distance between bulk silicon
carbide should be around12 eV, which is not observed. W
rather believe, that the C1 component corresponds to th
bonding of silicon with different carbon moieties, that is, t
bonding between Si and C2D2 or C2Dx (x,2), or between Si
and atomic carbon. Consequently, any progress in the in
pretation of the Si 2p core levels needs an examination
the corresponding C 1s core levels of Fig. 7.

Heating at 675 K already induces changes in the l
shape of the C 1s spectrum obtained after room-temperatu
adsorption. A slight shift of the single component to low
BE ~by ;20.25 eV! and a broadening are observed. Aft
annealings at 755 K and above, all the recorded spectra
hibit two distinct components separated by 1–1.3 eV. In F
8~b!, we have plotted, as a function of temperature, the
tensities of the high binding energy~HBE, 284–283.7 eV
range! and of the low binding energy~LBE, 282.7–282.4

FIG. 8. ~a! Variations of the Si 2p3/2 components~C1, S1, and
S2! and ~b! of the C 1s components~HBE, LBE, and total! as a
function of the annealing temperature.
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eV! components, respectively, and the sum of both. T
HBE component can be reasonably attributed to adsor
C2D2, decomposed C2Dx (x,2), or pure C compounds. Be
cause of the difference in electronegativity between Si and
the LBE component is attributed to atomic C having Si fi
neighbors.38 If one considers the behavior of the overall C 1s
intensity ~total!, we observe a;15% loss after the 675 K
annealing step. Then for the successive steps the total Cs
intensity decreases strongly: after the 955 K step, it is o
1/5th of the initial value.

However, we observe that the C 1s LBE component in-
tensity is constant in the 755–850 K temperature range,
the C1 component of the Si 2p3/2 level. The kinetic energy of
both C 1s and Si 2p photoelectrons is the same (;46 eV),
and such is the probed depth. Identifying the LBE comp
nent of C 1s at 282.7 eV with the C1 component of Si 2p3/2

at 100.1 eV, the energy distance, independent of any en
reference, is;182.6 eV, a value compatible with thos
found for Si12xCx (x<1) thin films on Si: this energy dis
tance decreases from 182.7 to 182.3 eV with increasinx
according to Ref. 38. The distance between the C 1s LBE
component and Si 2p3/2 component C1 is further reduced t
182.2 eV after the 955 K step. This could correspond to
formation of 3C-SiC precipitates, and the reduced FWH
~see Fig. 7! of this LBE C 1s component would manifes
their more chemically ordered structure.

If the C 1s spectra give valuable informations on the fo
mation of silicon-carbon compounds, through the appeara
of the LBE component, little can be said about the nature
the carbon compounds, resulting from the molecule deco
position, to which the HBE component is attributed. In su
a case the XAS CK-edge spectra, presented in Fig. 9 will b
much more informative. At a given position of the polariz
tion vectorE @u540°, Fig. 9~a!#, thep* and C-H* region is
particularly affected by the thermal annealing. After the 6
K annealing step, while peakY does not change, peakX1 is
strongly reduced with respect toX2 . Measurement at norma
and grazing incidence~not shown! indicate thatX1 is still
polarized in the surface plane andX2 in a direction normal to
this plane. The decrease ofX1 upon annealing may sugge
that the in-planep i* orbital, because of a molecular rea
rangement, is passing belowEF and is being filled with elec-
trons. A more likely explanation is that thep i orbital opens
and that new bonds are formed with C atoms~polymeriza-
tion! or Si atoms.@The absence of interaction ofp i with a
flux of Si atoms at 300 K will be shown in Sec. III C.# We
note also that dehydrogenation does not occur yet as peY
remains strong. The XAS spectrum taken atu540° after the
755 K annealing step is still structured. An angle-depend
study@Fig. 9~b!# shows that the peak at;285 eV~continuing
X2! is still polarized along the normal to the surface plan
However, peakX1 has disappeared—there is still a step
the Fermi level—as well as peakY. The latter point agrees
with the observation made by Yoshinobuet al.1 that molecu-
lar dehydrogenation begins at 750 K, as a Si-H vibratio
mode shows up. The subsequent annealing at 830 K lead
an unstructured absorption edge presenting no polariza
effects.

Using XPS Si 2p/C 1s and XAS C K-edge data alto-
gether gives us the possibility of writing a plausible scena
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FIG. 9. ~a! C K-edge spectra (u540°) of a surface previously exposed to 3600 L of acetylene at 300 K and submitted to isoc
annealings~of 1 mn each!. ~b! C K-edge spectra of the surface after the annealing step at 755 K, taken atu590° ~E parallel to the surface
plane! andu510° ~E close to the normal to the surface plane!.
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for the thermal behavior of acetylene on Si(111)-737. ~i!
T5300 K: the molecule is di-s chemisorbed at the sur
face. ~ii ! T5675 K: a small fraction of the molecules ma
desorb. For the remaining molecules the bonding configu
tion of the in-plane molecularp orbital changes. Acetylene
polymerization can be envisaged: with an increased temp
ture the motion of the molecules over the surface is fac
tated and the in-planep bond opens to permit molecula
addition. ~iii ! T5755 K: the molecular dehydrogenation
evidenced, the in-plane ‘‘p’’ component disappears, while
the out-of-plane one is conserved. This may be the hint
graphitization process, the graphite sheets being paralle
the surface plane. In the meanwhile, C atoms are libera
and find subsurface dissolution sites, which provokes a
crease of the total C 1s signal. Nude areas reappear as t
restatom component is seen again. The S1 component of Si
a-

a-
-

a
to
d

e-
e

2p3/2 can be attributed to new silicon surface states that
filled up by electrons, because of changes in the band st
ture due to C dissolution. ~iv! T5830– 850 K: Thesp2

‘‘graphitic’’ carbon is changed into asp3 carbon com-
pound. H has already desorbed from the surface at 80039

and more atomic carbon penetrate into the silicon surf
planes. The intensity of the silicon surface state S1 is then
maximum. Its spectral weight of 13–14 % would correspo
to a density of C-induced surface states equal to twice tha
the restatoms. This situation could correspond to the
called C-stabilized Si(111)-131 surface described by
McPhersonet al.40 from their LEED and thermal desorptio
study of cyclohexene on Si(111)-737: such a surface
formed after a desorption cycle ending at 925 K would co
tain more dangling bonds than the clean surface, becaus
its enhanced catalytical reactivity.~v! T5955 K: Carbon
of
FIG. 10. Solid line: Si 2p3/2 spectrum of an
acetylene predosed surface~300 K, 4500 L,
Pacetylene52.531026 Torr). Dots: Si 2p3/2 spec-
trum of the predosed surface after deposition
7.5 ML of silicon at 300 K.
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atoms dissolve more deeply into the silicon lattice on the
hand, and form carbide precipitates on the other hand
pure carbon compound~nongraphitic! remains on the sur
face. These observations are in excellent accord with
previous data38 on the carbonization of Si~001! at 1090 K by
acetylene.

C. Room-temperature deposition of silicon atoms
on C2D2 precovered Si„111…-737

The Si 2p3/2 spectra of an acetylene predosed Si(111
37 surface~4500 L! exposed also to a silicon flux do no
change appreciably, at least up to 2 ML of deposited Si.
larger Si deposits~7.5 ML, Fig. 10!, one observes a broad
ening of the spectrum at BE’s lower than the bulk line, b
not at higher BE’s, which would have indicated the form
tion of a silicon-carbon compound. The absence of format
of silicon-carbon compounds is confirmed by the C 1s spec-
tra, which do not change in shape or position for increas
deposited amounts: the spectrum given in Fig. 11~obtained
after the deposition of 21 ML of silicon! exhibits no state a
;282.5 eV characteristic of a C atom having four Si neigh
bors ~see Sec. III B!. On the other hand, the absolute inte
sity of the C 1s signal decreases with increasing deposited
amounts at a rate of 3% per 1 ML of deposited silicon. T
XAS C K-edge spectra confirm that the electronic struct
of the molecule is not much affected by Si deposition. Ty
cal spectra at glancing and normal incidence are given in
12. They correspond to a Si deposition of 2 ML, but spec
taken after longer exposures to Si flux are similar.41 Thep*
part of the absorption spectrum still exhibits a two-peak

FIG. 11. Top: C 1s spectrum of the acetylene predosed surfa
after deposition of 21 ML of silicon. Middle: C 1s spectrum before
Si deposition. Bottom: comparison of the C 1s fitting Gaussians of
the acetylene predosed surface, before exposure to the Si flux~black
line! and after~grey line!.
e
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structure: X1 is still strongly polarized in the sample plan
andX2 in a direction perpendicular to it. There is no hydr
gen abstraction by incoming Si atoms as peakY is still vis-
ible.

Consequently the C 1s intensity decrease has to be a
cribed to a loss of C2D2, whose desorption is stimulated b
the Si flux. Once deposited on acleanSi(111)-737 surface
at 300 K, silicon atoms can break the backbonds of adato
as it has been proposed by Ichimiya, Nakahara,
Tanaka,42 or can sit over a restatom site, as indicated
STM topographic images.43 The disarrangement of both ada
toms and restatoms which bond to new incoming Si ato
could indeed favor some C2D2 desorption. Under an Si flux
the in-planep bond of the molecule does not open to for
Si-C bonds: the molecule manages to reform continuous
di-s bonding configuration with surface silicon atoms,float-
ing over the growing Si layer, with its C-C axis parallel t
the sample surface.

IV. CONCLUSIVE REMARKS

The present paper discusses core-electron/valence-
photoemission spectra and absorption-edge spectra of a
lene chemisorbed on Si(111)-737. Such spectra contain
wealth of information on this adsorbate/substrate syst
which has been until now studied essentially by vibratio
spectroscopies or topographic tunneling microscopy.

Upon adsorption at 300 K, the Si 2p core-level and
valence-band spectra show that the electron occupanc
both adatoms and restatoms is modified. The C 1s line is
fitted with a single component, which is indicative of a sing
bonding site. The alignment of the C-C molecular axis by
chemisorption bond leads to strong polarization depende
of the CK-edge spectra. This dependence is discussed wi
simple, but illustrative, molecular orbital schemes at ha
The orientation of the C-C molecular axis is then determin
to be nearly parallel to the surface plane. The precise m
surement of a tilt angle, which would give evidence for
di-s bridge between close neighbor adatoms and restat

e

FIG. 12. C K-edge spectra of the acetylene predosed surf
after deposition of 2 ML of silicon, taken atu590° ~E parallel to
the surface plane! andu510° ~E close to the normal to the surfac
plane!.
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57 6747ELECTRONIC STRUCTURE OF ACETYLENE ON . . .
appears to be out of reach, because of a possible ‘‘rotati
of the ‘‘p* ’’ molecular orbitals.

The stability of the molecule and the correlative modi
cation of silicon chemical environment is studied by pe
forming thermal annealings of an acetylene-saturated
face. With increasing temperature, we find hints that
molecule first polymerize, then forms a graphitelike co
pound after dehydrogenation, and finally produces a non
phitic pure carbon compound. In parallel, atomic carbon
released and penetrates into the substrate inducing the
mation of silicon-carbon compounds and new silicon surfa
states. Evidences for SiC precipitates are found only at
K. There is a narrow temperature window~750–850 K! in
which nonstoichiometric Si12xCx compounds are likely to be
formed. The molecule remains chemically stable at 300 K
the presence of an external Si source, floating over the gr
ing Si layer with no appreciable changes in its electro
structure. In particular the CK-edge spectra exhibit the sam
polarization dependence of the twop* peaks before and
after Si deposition.

Is the distance between radicals to which the molecule
di-s bonded, a parameter determining the conformation
the molecule, i.e., its hybridization? If the interpretation
the HREELS data of Refs. 1 and 4 is correct, apparently
C-C distance would be the same on Si(001)-231 ~Si-Si
distance between 2.3 and 3.8 Å! and Si(111)-737 ~Si-Si
d
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distance around 4.5 Å!. Then this may significate that a se
vere rearrangement of the surface Si adatoms occurs on
737 surface. This is indeed suggested by the LEED p
terns, although, according to Yoshinobuet al.,2 the STM im-
ages do not show a significant displacement of the adato
For our part, we agree with McPherson and co-worker40

when they state that STM is capable of resolving the ba
features of the DAS structure~that is the corner holes and
dimer walls!, but cannot be used to rule out a possible r
construction within the unit cell. Thus one has to envisag
the possibility of a displacement of the adatom toward t
restatom, or even that of a bridge site formed by a resta
and a ‘‘pedestal’’ atom~see Fig. 1, the Si-Si distance woul
be reduced to 3.8 Å, but one of the Si atoms would be h
pervalent!. Unfortunately we lack calculations of the absor
tion geometries of acetylene on the ‘‘real’’ 737 surface, or
on a realistic simplification of this reconstruction, althoug
this has been already done with success for the adsorptio
O2.
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